ABSTRACT. Peripheral artery disease is an atherosclerotic occlusion in the peripheral vasculature that is typically treated via percutaneous transluminal angioplasty. Unfortunately, deployment of the angioplasty balloon damages the endothelial layer, exposing the underlying collagen and allowing for the binding and activation of circulating platelets, which initiate an inflammatory cascade leading to eventual restenosis. Here, we report on the development of poly(NIPAm-MBA-AMPS-AAc) nanoparticles that have a collagen I-binding peptide crosslinked to their surface allowing them to bind to exposed collagen. Once bound, these particles mask the exposed collagen from circulating platelets, effectively reducing collagen-mediated platelet activation. Using collagen I-coated plates, we demonstrate that these particles are able to bind to collagen at concentrations above 0.5 mg/mL. Once bound, these particles inhibit collagen-mediated platelet activation by over 60%. Using light scattering and zeta potential measurements, we investigated the potential of the nanoparticles as a drug delivery platform. We have verified that the collagen-binding nanoparticles retain the temperature sensitivity common to poly(NIPAm)-based nanoparticles while remaining colloidally stable in aqueous environments. We also demonstrate that they are able to passively load and release anti-inflammatory cell penetrating peptides. Combined, we have developed a collagen-binding nanoparticle that has dual therapy potential, preventing collagen-mediated platelet activation while delivering water-soluble therapeutics directly to the damaged area.
INTRODUCTION
Peripheral artery disease (PAD) is an atherosclerotic occlusive disease that occurs within the peripheral limb arteries. Despite increased awareness and advances in treatment and prevention, 25% of adults over the age of 55 develop PAD, and this incidence rate increases with age and other cardiovascular risk factors such as smoking and hypertension (1) (2) (3) (4) (5) (6) . PAD is also associated with increased cardiovascular morbidity, such that the development of an effective long-term treatment is important for the large population affected by this disease (7, 8) .
The current standard of surgical treatment for severe PAD is percutaneous transluminal angioplasty, with the possible deployment of a stent to hold open the widened vessel. Unfortunately, deployment of the balloon during the angioplasty procedure damages the vessel wall, stripping off the endothelial cells of the internal lumen and exposing the underlying collagenous tissue (9) . Platelets in the circulating blood are able to bind to the exposed collagen and become activated (10, 11) , releasing multiple proinflammatory factors such as epidermal growth factor, and platelet derived growth factor, which can lead to the activation of smooth muscle cells (SMC), resulting in SMC proliferation and intimal hyperplasia (12) (13) (14) (15) (16) . Additionally, the activated SMC release multiple proinflammatory factors such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), which serve to perpetuate the inflammatory cascade, resulting in continued SMC proliferation, extracellular matrix (ECM) synthesis, and eventual restenosis of the treated vessel (12, 17) .
This restenosis is prevented, when possible, using drugeluting stents that can release cytostatic compounds such as paclitaxel or sirolimus, which have been shown to effectively inhibit SMC proliferation (18) (19) (20) . However, these compounds are non-targeted and thus also affect the local endothelial cells as well as the proliferating SMCs. This inhibits endothelial migration and proliferation (19, 20) , preventing reendothelialization of the damaged vessel and leaving the collagen and the drug-eluting stent chronically exposed to the circulating blood, which can lead to complications such as late stent thrombosis (21, 22) . Additionally, stents deployed to treat PAD show fracture rates as high as 50% due to the higher torsional and crushing forces experienced in the peripheral vasculature (23) (24) (25) . Together, these problems make stent deployment a sub-optimal solution for the treatment of PAD, as it prevents proper healing of the damaged vessel, while carrying the risk of fracture and all of its associated complications. Therefore, a need exists for a treatment system that can prevent the initial inflammatory response and subsequent SMC activation and proliferation while allowing for endothelial proliferation and eventual healing of the damaged vessel.
Poly(N-isopropylacrylamide) (poly(NIPAm)) is a thermosensitive polymer that has been extensively studied for use in biomedical applications such as tissue engineering, drug delivery, and injectable hydrogels (26) (27) (28) (29) , as it exhibits a physiologically relevant lower volume phase transition temperature (VPTT) around 33°C (30) (31) (32) (33) . This temperature sensitivity makes crosslinked poly(NIPAm) nanoparticles ideal in vivo drug carriers as they are soluble in aqueous solutions at temperatures below the VPTT, allowing for efficient loading of water-soluble therapeutics via passive diffusion (31, 34) . The nanoparticles then undergo hydrophobic phase separation at physiological temperatures. Depending on the application, this collapse can trigger rapid burst release of the loaded drug or can result in decreased porosity and a more controlled drug release profile (35) (36) (37) . Additionally, poly(NIPAm) is readily copolymerized with acrylic acid (AAc), which adds easily modified carboxylic acid functional groups to the backbone of the particle, allowing for the addition of targeting ligands while simultaneously increasing the colloidal stability of the nanoparticle (38) (39) (40) (41) (42) . In addition to carboxylic acid, the charged sulfated comonomer 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) has been added to poly(NIPAm) nanoparticles, resulting in colloidally stable, hemocompatible sulfated poly(NIPAm-AMPS) nanoparticles (29, 43, 44) .
Our lab has previously developed a mimic of the proteoglycan decorin named DS-SILY, which consists of a collagen I-binding peptide attached to a dermatan sulfate backbone (45, 46) . DS-SILY has been shown to specifically bind to type I collagen, prevent platelet adhesion and activation, and promote endothelial migration on a collagencoated surface (46) . The collagen-binding properties of DS-SILY are mainly attributed to the collagen I-binding peptide sequence, while the platelet binding inhibition is attributed to competition from the SILY peptide as well as to the dermatan sulfate backbone, which serves as a hydrophilic barrier to further prevent platelet attachment. When modified with the SILY peptide, poly(NIPAm) nanoparticles can bind to exposed collagen to provide a similar hydrophilic barrier, and when delivered directly to the damaged vessel via porous catheter balloon, or through the end of a standard catheter, we expect that they can prevent platelet adhesion and activation while allowing for the release of therapeutics that have been loaded into the nanoparticle core. We have developed a family of anti-inflammatory cell-penetrating peptides that have been shown to inhibit mitogen activated protein kinase activated protein kinase 2 (MK2). One of these peptides, KAFAKLAARLYRKALARQLGVAA (KAFAK), has been shown to reduce the expression of proinflammatory cytokines such as IL-6 and TNF-α in doses as low as 10 μM (47). KAFAK's potency, combined with its cationic charge, makes it an ideal candidate for loading into anionic drug delivery systems such as our sulfated nanoparticles. Here, we apply this information to show that a sulfated poly(NIPAm)-based nanoparticle drug delivery system modified with a collagen I-binding peptide is able to bind specifically to a collagen-coated surface and prevent platelet activation in a manner similar to DS-SILY, while retaining their ability to load and release water-soluble therapeutics such as KAFAK. In addition to the particles' platelet inhibition and drug release capabilities, we also investigate their collagen binding affinity, as well as the effects of the addition of the collagen-binding peptide on the particles' size, temperature sensitivity, and surface charge.
MATERIALS AND METHODS

Nanoparticle Synthesis
NIPAm-based nanoparticles, with 5% AMPS and 1% AAc were synthesized using a standard precipitation polymerization reaction (48) . First, 39 mL of MilliQ water (18.2 MΩ·cm resistivity, Millipore) was heated to 70°C in a 3-neck round bottom flask and refluxed under nitrogen for 30 min; 794.1 mg of NIPAm (Thermo Fisher Scientific), 28.5 mg of N,N′-methylenebisacrylamide (MBA, Sigma-Aldrich), and 76.5 mg of AMPS (Sigma-Aldrich) were dissolved in 10 mL of MilliQ water and then added to the flask. Five microliters of AAc (99.5%, Thermo Fisher Scientific) and 164 μL of sodium dodecyl sulfate (SDS, 10% w/v, Sigma-Aldrich) were added, and the solution was allowed to mix for 5 min. Finally, 33.7 mg of potassium persulfate (Sigma-Aldrich) was dissolved in 1 mL of MilliQ water and added to the flask to initiate the polymerization reaction. The reaction was allowed to proceed for 5 h, with water levels being adjusted to maintain the initial 50-mL reaction volume. After 5 h, the reaction was cooled to room temperature and then dialyzed against MilliQ water for 7 days using a 15,000 MWCO dialysis membrane (Spectra-Por). Following dialysis, the purified poly(NIPAm-MBA-AMPS-AAc) nanoparticles were lyophilized and stored at room temperature.
Peptide Attachment
Collagen-binding nanoparticles were fabricated by using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) to react the free carboxyl groups present on the nanoparticles with the hydrazide of the heterobifunctional cross linker N-β-Maleimidopropionic acid hydrazide (BMPH). The maleimide group of BMPH was then reacted with the free thiol group on the C-terminal cysteine of the collagen-binding peptide, resulting in a peptide-conjugated nanoparticle. First, lyophilized poly(NIPAm-MBA-AMPSAAc) nanoparticles were dissolved at 1.0 mg/mL in coupling buffer consisting of 0.1 M MES (Sigma-Aldrich), 0.5 M NaCl (Sigma-Aldrich) at pH 6.0. EDC (0.4 mg/mL; Thermo Fisher Scientific) and the solution was allowed to shake at room temperature for 15 min. For 100% peptide-modified particles, a 1:1 molar equivalent of BMPH (BMPH/AAc) was then added to the solution and allowed to shake at room temperature for 30 min. Finally, the BMPH-conjugated nanoparticles were purified by size exclusion chromatography on an AKTA purifier FPLC (GE Healthcare) and lyophilized.
The lyophilized NP-BMPH were dissolved at 1 mg/mL in 1× PBS, and 1% of the total concentration of the collagenbinding peptide RRANAALKAGELYKSILYGC (SILY, 80% purity, Genscript) was added as SILY biotin and allowed to shake at room temperature for 45 min. The remaining peptide was then added and allowed to react for an additional 90 min, to create the SILY-modified nanoparticles (NP-SILY). Non-collagen-binding particles were made by following the same protocol and adding the peptide GVDVDQDGETGC (LFA, 78% purity, Genscript) instead of SILY, to create LFAmodified particles (NP-LFA). For 100% modified nanoparticles, a 1 molar excess (as compared to total estimated BMPH content) of SILY was added to ensure complete attachment to the BMPH. The final compositions of the modified nanoparticles are summarized in Table I . The modified particles were then purified by size exclusion chromatography, lyophilized, and stored at room temperature.
Peptide Attachment Assay
Covalent attachment of the peptide to the nanoparticle was verified with a streptavidin-HRP colorimetric assay (R&D Systems). Nanoparticles were dissolved at 1 mg/mL in diluted streptavidin solution and allowed to shake on a vortex shaker for 20 min. The particles were pelleted via centrifugation at 18,000×g for 20 min and rinsed three times with 1× PBS before being resuspended at 1 mg/mL in a reagent color solution consisting of a 1:1 mixture of hydrogen peroxide and tetramethylbenzidine, and allowed to shake on a vortex shaker for 20 min. Finally, 2N H 2 SO 4 was added to stop the reaction, and the absorbance was read at 450 and 540 nm on a SpectraMax M5 plate reader (Molecular Devices). Particles fabricated using the above method but without the BMPH crosslinker were also tested to verify covalent, rather than electrostatic, attachment of the SILY to the nanoparticle surface.
Nanoparticle Characterization
The hydrodynamic radius of all particles was measured using dynamic light scattering (DLS) on a Nano-ZS90 Zetasizer (Malvern). Nanoparticles were dissolved at 0.1 mg/mL in MilliQ water in a disposable polystyrene cuvette and were subjected to a minimum of 12 runs at 25 and 37°C after equilibrating at the desired temperature for 5 min. Five runs were completed for each batch of particles, and three sets of particles were synthesized and tested to demonstrate reproducibility of the synthesis. Zeta potentials and electrophoretic mobility were obtained on a Nano-ZS90
Zetasizer at the same sample concentration in MilliQ water using folded capillary cells, with the mobility data being obtained from five runs of a single set of particles.
Peptide Loading and Release
To determine the ability of the modified nanoparticles to load and release cationic therapeutics, we loaded the nanoparticles with the anti-inflammatory cell-penetrating peptide KAFAK (American Peptide). To load the nanoparticles, 100% SILY-modified nanoparticles and KAFAK were co-incubated in MilliQ water at final concentrations of 1 and 2 mg/mL, respectively, and stored at 4°C for 24 h. Loaded nanoparticles were pelleted via centrifugation, and the supernatant was collected for analysis. To measure peptide release, the loaded nanoparticles were resuspended in 37°C PBS and 75 μL aliquots were taken at predetermined intervals. The nanoparticles were pelleted via centrifugation and the supernatant was collected. A fluoraldehyde ophthalaldehyde (OPA) assay was performed to determine the amount of KAFAK loaded into and released by the modified nanoparticles. Briefly, 1:10 mixtures of sample and fluoraldehyde OPA were created in opaque 96-well plates (VWR), and the fluorescence was measured at an excitation of 360 nm and emission of 455 nm on a SpectraMax M5 plate reader. Values were compared against a standard to determine the amount of KAFAK present in each solution.
Collagen Binding Affinity
The collagen binding affinity of the modified nanoparticles was tested using a streptavidin-HRP colorimetric assay to detect the presence of the biotinylated particles on a collagencoated surface. Collagen-coated 96-well plates (Corning Biocoat, VWR) were blocked with 1% bovine serum albumin (BSA, VWR) in 1× PBS for 1 h at room temperature. The blocking solution was removed, and modified nanoparticles dissolved in 1% BSA in 1× PBS at concentrations between 0 and 8 mg/mL were added to the plate and incubated on a plate shaker at 37°C and 200 RPM for 30 min. The plate was rinsed three times with 1× PBS and 100 μL of a diluted streptavidin-HRP solution was added to each well and allowed to incubate on a plate shaker at room temperature and 200 RPM for 20 min. The plate was again rinsed three times with 1× PBS and 100 μL of reagent color solution was added to each well and allowed to incubate on a plate shaker at room temperature and 200 RPM for 20 min. Finally, 50 μL of 2N H 2 SO 4 was added to stop the reaction, and the absorbance was read at 450 and 540 nm on a SpectraMax M5 plate reader.
Platelet Inhibition
The ability of modified nanoparticles to inhibit platelet activation was determined by dissolving modified nanoparticles in 1× PBS and incubating 50 μL aliquots on a collagen coated plate at 37°C and 200 RPM for 30 min. Fifteen milliliters of whole blood was collected into citrated vacutainers from healthy volunteers by venipuncture following an approved Purdue IRB protocol and with informed consent. The blood was centrifuged for 20 min at 200×g and 25°C, and the top layer of platelet-rich plasma (PRP) was collected. The plates were rinsed three times with 1× PBS and 50 μL of PRP was added to each well and allowed to incubate at room temperature for 1 h. Following the incubation, 45 μL was removed from each well and mixed with 5 μL ETP (107 mM EDTA, 12 mM theophylline, and 2.8 mM prostaglandin E 1 ) to stop further platelet activation (46) . The platelets were pelleted via centrifugation and the supernatant was diluted 1:10,000 in 1% BSA in 1× PBS and then run on a sandwich ELISA for platelet factor 4 (PF-4) and β-thromboglobulin (NAP-2) (R&D Systems) according to the manufacturer protocol.
RESULTS
Effect of Peptide Attachment on Nanoparticle Size and Charge
Due to the importance of NIPAM's temperature sensitivity, we investigated how the conjugation of collagenbinding peptides to the surface of the nanoparticles affected their ability to undergo temperature-induced size changes. The effect of peptide conjugation on the hydrodynamic radius of the nanoparticles is shown in Fig. 1 . As expected for NIPAm-based particles, we observed a decrease in hydrodynamic radius at temperatures above the VPTT, with the radius decreasing 14.3% when the particle collapsed at temperatures above the VPTT. Addition of the SILY peptide served to reduce the magnitude of the collapse to between 9.3 and 13.2%. The data in Figs. 1 and 2a represent triplicates of SILY-modified nanoparticles with error bars representing the standard deviation, while the data in 2b is from a single batch of SILY-modified nanoparticles run in triplicate.
The zeta potentials and electrophoretic mobility of the particles were investigated to gain insight into the particles surface charge and expected colloidal stability (43, 49) . Additionally, the change in charge after peptide conjugation provided insight into whether peptides were successfully attached, as the positively charged SILY peptide neutralizes some of the surface charge when covalently bound to the surface of the oppositely charged particle with an increase in the overall potential (less negative) and lower mobility following the addition of the SILY peptide (Fig. 2) . Additionally, the zeta potentials of the particles remained unchanged above the VPTT, while particle mobility increased at the higher temperature. This consistency can be attributed to the fact that the overall surface charge density would remain constant due to polymer rearrangement during collapse.
Peptide Attachment Assay
To validate that the peptide was covalently crosslinked to the particle and not just physically adsorbed, the presence of biotinylated SILY on the surface of the nanoparticles synthesized with and without BMPH was detected by absorbance reading from a streptavidin-HRP colorimetric assay (Table II) . The increase in absorbance on the SILYmodified nanoparticles indicates the presence of SILY biotin on the surface of the nanoparticles. As seen in Table II , particles with BMPH-crosslinked SILY exhibited a 15-fold increase in absorbance compared to those without BMPH, indicating while there is some amount of electrostatic association between the peptide and the nanoparticle; the majority of the SILY is covalently bound to the particles and not simply electrostatically associated.
Peptide Loading and Release
Loading and release of the anti-inflammatory peptide KAFAK from the modified nanoparticles was measured with a fluoraldehyde OPA assay. When coincubated for 24 h at 4°C, the nanoparticles successfully loaded 0.47 mg of KAFA FK, giving them a final loading efficiency (as a percent of final particle weight) of 32%. The loaded nanoparticles demonstrated the ability to release the loaded KAFAK over a period of 24 h, with 78% of the total release occurring in the first 12 h (Fig. 3) . Despite the rapid initial release rate, over 70% of the loaded KAFAK remained in the nanoparticles after 120 h, suggesting that it may be permanently associated with the nanoparticle.
Collagen Binding Affinity Assay
The ability of SILY-modified nanoparticles to bind to a collagen-coated surface was confirmed through the use of a streptavidin-HRP colorimetric assay. The binding of the modified particles to collagen is the first step in the inhibition of collagen-mediated platelet activation. As seen in Fig. 4 , the particles successfully demonstrated an ability to bind to type I collagen.
When measured against the LFA (A non-collagenbinding peptide)-modified particles, The SILY-modified particles were able to bind to collagen, with the 25% NP-SILY demonstrating attachment at concentrations above 4 mg/mL. Increasing the amount of SILY attached to the particle results in a corresponding increase in collagen binding, with the 50% NP-SILY binding at 2 mg/mL, and the 100% NP-SILY binding at a concentration of 0.25 mg/mL. The NP-LFA particles, modified with a non-collagen-binding peptide, showed no binding to the collagen plate at concentrations up to 8 mg/mL. This indicates that the binding curves shown 
Inhibition of Platelet Activation
The inhibition of collagen-induced platelet activation was measured by the release of PF-4 and NAP-2, two known factors released by activated platelets (50, 51) . As seen in Fig. 5 , platelet activation was inhibited with increasing concentrations of NP-SILY, with maximum inhibition observed at 2 mg/mL, resulting in a greater than 60% inhibition of both PF-4 and NAP-2.
Because the collagen binding assay showed similar levels of binding for the 50 and 25% NP-SILY, only the 50% NP-SILY was tested for effectiveness of platelet inhibition. The 50% SILY-modified nanoparticles showed greater inhibition of PF4 than their 100% SILY-modified counterparts at 0.5 and 1 mg/mL. This increased inhibition disappeared at particle concentrations above 1 mg/mL. At higher concentrations, both the 100% NP-SILY and 50% NP-SILY demonstrated similar levels of platelet inhibition, indicating that there may be a minimum level of NP-SILY binding that is necessary to prevent platelet attachment and activation. Once this minimum binding level is achieved, the nanoparticle coating on the collagen is dense enough to effectively prevent platelet activation, resulting in no further increases with increased nanoparticle concentration.
DISCUSSION
Platelet adhesion and activation on collagen exposed by deployment of an angioplasty balloon releases proinflammatory factors that result in SMC activation and migration, and eventual restenosis (9, (12) (13) (14) (15) . Here, we demonstrate that a sulfated collagen-binding poly(NIPAm-MBA-AMPS-AAc) nanoparticle is able to competitively bind to exposed collagen and prevent collagen-mediated platelet binding and activation while retaining its ability to load and release antiinflammatory cell-penetrating peptides.
Because the temperature sensitivity is such a crucial characteristic of poly(NIPAm)-based nanoparticle drug delivery systems, retention of this ability following attachment of SILY is critical for the particles to remain an attractive drug delivery platform. Previous studies have shown that the addition of hydrophilic co-monomers to poly(NIPAm) results in decreased temperature sensitivity of the resulting nanoparticles as the charged groups serve to increase overall solubility and resist the temperature-induced hydrophobic collapse (39, 52, 53) . The addition of multiple hydrophilic groups to the backbone of our particles presents a possibility that their temperature sensitivity could be reduced to the extent that they are no longer a viable mechanism of controlled drug loading and release. Previous work on similar sulfated poly(NIPAm-MBA-AMPS) nanoparticles showed a 20% decrease in particle diameter at temperatures above the VPTT. These particles were able to serve as a controlled release platform for therapeutic peptides, with release being observed for up to 1 week in vitro (43, 44) . Our unmodified particles demonstrated similar size change of 14.3%, with the smaller size change being attributed to the addition of the hydrophilic AAc to the polymer chain. Addition of the SILY peptide to the surface initially serves to further resist the particles' hydrophobic collapse, though no further changes are observed with increased SILY addition (Fig. 1) . Fig. 2 . Zeta potential and electrophoretic mobility measurements of the modified particles show an increase in net charge following the addition of SILY, while surface charge remained unchanged at temperatures above the VPTT (a). Particle mobility was reduced following SILY addition, but increased at temperatures above the VPTT (b). Asterisk indicates significance from corresponding unmodified particle. Number sign indicates significance from corresponding particle at 37°C Results of streptavidin-HRP assay indicate SILY is covalently crosslinked to the nanoparticles via BMPH a Significance from bare nanoparticles b Significance from non-crosslinked nanoparticle-SILY
The charge of our particles, as determined by zeta potential and electrophoretic mobility, can be used to facilitate electrostatic loading of oppositely charged therapeutics, thereby increasing their loading efficiency beyond those obtained with simple passive loading (43, 44) . Previous work shows that unmodified sulfated poly(NIPAm) nanoparticles exhibit zeta potentials of approximately −15 mV, indicating that they are colloidally stable in an aqueous environment (43) . The addition of a second negatively charged co-monomer to our particles reduced their zeta potential to approximately −35 mV. The addition of the cationic SILY peptide served to reduce the magnitude of the zeta potential and electrophoretic mobility compared to unmodified particles, though increasing the amount of SILY on the surface did not result in a further neutralization of the zeta potential. Increasing the temperature above the VPTT yielded no change in zeta potential, but resulted in an increase in electrophoretic mobility. This finding is promising as it indicates that the fully modified 100% NP-SILY particles should remain stable in an aqueous environment, while their highly negative charge allows for the electrostatic loading of positively charged therapeutics.
The electrostatic attraction between the sulfated nanoparticles and the SILY peptide raises the possibility that the SILY was simply electrostatically associated with the particle rather than covalently crosslinked. These weaker electrostatic associations would cause complications in nanoparticle targeting, as the SILY would be prone to disassociating from the nanoparticle in highly charged environments, such as those found within the body. Additionally, SILY peptides that are crosslinked via their terminal cysteine would have greater conformational freedom than those electrostatically associated with the particle surface. This would allow them to present the proper collagen-binding sites once suspended in an aqueous solution, and allow for competitive binding of the SILY to the exposed collagen while the nanoparticles would provide steric hindrance and prevent platelets from accessing any additional binding sites on the collagen (46, 54) . We found that while there is some electrostatic association between the particle and the SILY, a majority of the peptide is successfully covalently crosslinked to the particle using BMPH (Table II) , resulting in a permanent stable attachment of the SILY peptide T h e r e t e n t i o n o f t h e i r a n i o n i c c h a rg e a nd thermosensitive properties allows the modified nanoparticles to load and release the therapeutic peptide KAFAK, with a final loading efficiency of 32%, and a burst release of over 70% of the final amount of KAFAK released occurring within the first 12 h. This is slightly lower than the loading efficiencies reported by other sulfated poly(NIPAM) nanoparticles (29, 43) and can most likely be attributed partial charge neutralization by the attached SILY as well as the surface-bound SILY hindering diffusion of the KAFAK into the particle's core. Decreased core loading could also explain the relatively rapid KAFAK release, as a large portion of the peptide would be near the surface of the particle allowing for rapid diffusion into the surrounding environment. Additionally the attached SILY, combined with the electrostatic attraction between the KAFAK and the particle, could hinder the release of any KAFAK that was successfully loaded into the core, resulting in the incomplete peptide release that was observed with these particles. Work has been done, in our lab and others, on the synthesis of degradable poly(NIPAM) nanoparticles (55) (56) (57) (58) (59) (60) , and it is likely that the use of a similar system in these particles would result in a more complete peptide release profile over a longer time period.
Due to the fact that each nanoparticle group contained the same amount of SILY biotin , we were able to compare the relative binding affinity of particles with different amounts of SILY while ignoring any shielding of the biotin groups that could be caused by the particles binding to the collagen surface; however, it is possible that the data reported represents a slight underestimation of the actual modified particles true binding affinity. With these binding assays, we found that unmodified particles and those modified with a similarly charged but non-collagen-binding peptide showed minimal binding to a BSA blocked collagen-coated plate. Conversely, the SILY-modified particles are able to specifically bind to collagen, with the more heavily modified particles exhibiting increased binding ability. These nanoparticles are expected to remain bound to the collagen layer under physiological conditions, as studies with peptide targeted therapeutics and nanoparticle systems have shown them to be able to remain bound for several days in vivo Fig. 3 . Results of a fluoraldehyde OPA assay to quantify KAFAK release from the 100% SILY-modified nanoparticles. SILY-modified nanoparticles exhibited an initial burst release followed by a sustained release over 24 h, resulting in a final release of 30% of the loaded peptide Fig. 4 . A collagen binding assay demonstrated the modified particles' ability to bind to a collagen I-coated surface. Particle binding increased with an increase in conjugated SILY, while LFA-modified particles showed a complete inability to bind to the collagen plate (46, 61, 62) . Additionally, endocytic uptake of the loaded nanoparticles is expected to be minimal as they can be delivered directly to the damaged endothelium and allowed to bind to the collagenous layer that has been stripped of its native endothelial cells, allowing them to release their loaded peptide to the inflamed SMC.
Previous work in our lab has shown that a sulfated, collagen-binding therapeutic named DS-SILY is able to bind to collagen with a binding affinity of 24 nM and is able to remain bound to that surface for over 11 days (46) . Additionally, DS-SILY demonstrated an ability to inhibit platelet activation by up to 60% for NAP-2, and 90% for PF-4 at concentrations of 10 μM when delivered to the damaged area through a porous angioplasty balloon. This was found to significantly reduce platelet activation-induced vasospasm and intimal hyperplasia in an ossabaw pig model when delivered to the damaged vessel via a porous catheter balloon (46, 63) . Given their size, our particles retain the ability to be delivered directly to the damaged endothelium in a similar manner and at concentrations up to 8 mg/mL. Once delivered in vivo, they would undergo hydrophobic collapse, triggering the controlled release of the loaded KAFAK allowing for the inhibition of local inflammation while simultaneously preventing platelet activation.
Our sulfated collagen-binding nanoparticles were able to successfully inhibit platelet activation, showing 30-40% inhibition of NAP-2 and PF-4 at concentrations of 0.5 mg/ mL, and up to 70% inhibition at concentrations above 2 mg/ mL. Interestingly, we observed higher inhibition of PF4 on the 50% modified particles at low concentrations, which disappeared as particle concentrations increased above 1 mg/ mL. PF4 is known to bind to sulfated compounds, such as heparin, thereby reducing the concentration of free PF4 in solution (64, 65) . It is likely that a similar mechanism is occurring during the platelet inhibition studies, with the less modified particles having more of the charged nanoparticle surface available for association with the PF4. This would decrease free PF4 concentrations, resulting in an increase in platelet inhibition as reported by the PF4 ELISA. Our results demonstrate the particles' effectiveness at inhibiting collagenmediated platelet activation, while the retention of their temperature sensitivity and charge characteristics allows them to load and release water-soluble therapeutics, such as therapeutic peptides.
CONCLUSION
We have developed a collagen-binding poly(NIPAm-MBA-AMPS-AAc) nanoparticle that is able to bind to a collagen coated plate, resulting in a decrease in collagenmediated platelet activation by over 60% at nanoparticle concentrations above 0.5 mg/mL. In addition, the particles retained their temperature sensitivity exhibiting between a 9.3 to 13.2% decrease in particle size following hydrophobic collapse above their VPTT. Zeta potential and electrophoretic mobility measurements showed that the particles had a strong anionic charge, which can be used to electrostatically load charged therapeutics into the particle's core. Once exposed to physiological temperatures, the particles undergo a hydrophobic collapse, entrapping their loaded therapeutic and releasing it over 24 h. These properties mean that these particles are a viable dual therapy platform that can prevent collagen-mediated platelet activation following balloon angioplasty, while simultaneously delivering therapeutics directly to the injured vessel. Future work will focus on characterizing the particles' biocompatibility as well as their ability to bind to collagen under flow and in an in vitro cell culture system and potential for site-specific delivery via a porous angioplasty balloon. Additional in vivo studies will need to be conducted to further explore the translatability of these nanoparticles as a dual therapy system for the prevention of platelet activation and release of antiinflammatory peptides.
